A new type of low-density wind tunnel called the "Mars Wind Tunnel (MWT)" has been developed to simulate airfoil flow in the Mars atmosphere. This paper presents the design features of the MWT and its construction. The results of operational performance tests including the driving performance of a multiple supersonic ejector and calibration tests for evaluating the flow characteristics in the test section are shown. These tests were conducted using air as the working gas. It was found that the ejector is an effective means to induce high subsonic flow even under the condition of a low Reynolds number. The pressure ratio achievable with the ejector is inversely proportional to the total pressure. The MWT can simulate flow in the Reynolds number range from 10 3 to 10 5 and Mach number up to 0.74. It is confirmed that the MWT has a flow quality and operational characteristics that are suitable for aerodynamic testing of Mars airplanes. 
Introduction
Mars airplanes have been considered as a feasible means of exploring Mars at the National Aeronautics and Space Administration (NASA) in the USA 1, 2) and the Japan Aerospace Exploration Agency (JAXA) 3, 4) . Using Mars airplanes, we can obtain wider and more detailed information of the Mars surface than using ground rovers or satellites. In determining the optimal shape of a Mars airplane, it is necessary to predict the aerodynamic performance of the airplane with sufficient accuracy. However, the design criteria for Earth-based conventional airplanes cannot be employed because the atmospheric conditions on Mars are quite different from that on Earth. The Martian atmosphere is mainly composed of CO 2 and its density and temperature are much lower than those of the Earth's atmosphere. Accordingly, a Mars airplane needs to fly at a low Reynolds number and high subsonic Mach number. In the Reynolds number range of 10 4 to 10 5 , it is known that the maximum lift-to-drag ratio of smooth airfoils deteriorates significantly. 5) In addition, a Mars airplane has to fly at a relatively high speed to produce sufficient lift to sustain its weight and to ensure a stabile flight in windy atmospheric conditions. The flight Mach number reaches 0.4 to 0.7 because the speed of sound is low in the CO 2 -based Martian atmosphere at low temperatures. Thus, the effects of compressibility become pronounced. Furthermore, the © 2011 The Japan Society for Aeronautical and Space Sciences Mars airplane difference of the specific heat ratio between air and CO 2 produces an additional compression effect. To realize a Mars airplane, it is essential to understand the complicated flow structures caused by strong interactions between viscous and compression effects.
There have been a few wind tunnels built specifically for Mars atmospheric research. [7] [8] [9] [10] [11] [12] [13] However, these wind tunnels have been used mainly for studying geological and planetary sciences, and are not suitable for aerodynamic research. For this reason, the experimental data of airfoils regarding low Reynolds number and high subsonic flow region is very limited (Fig. 1) . As a test facility to simulate Martian atmospheric flight in low Reynolds number and high subsonic Mach number conditions, the Mars Wind Tunnel (MWT) was developed at Tohoku University in late 2007. Figure 2 shows pictures of the MWT. This tunnel has the ability to simulate Martian atmospheric flight conditions. The wind tunnel is an induction-type unit and driven by a multiple-nozzle supersonic ejector. Among existing low-density wind tunnels, the Small Variable-Pressure Wind Tunnel at Nishi-Nippon Institute of Technology 7) uses a blower as the driving system and Oxford University's Low-Density Wind Tunnel (LDWT) 8) is connected to a large-volume vacuum chamber with a high-capacity vacuum pump. It is noted, however, that the compression efficiency of a blower and the exhaust efficiency of a vacuum pump decrease rapidly at low pressures. Furthermore, it is difficult to cool the tunnels with these driving systems. On the other hand, an ejector-driven system can be considered suitable for inducing high-speed flows under low-density conditions. Actually, for low-density testing, the MARSWIT facility 9) at NASA Ames
Research Center employs an ejector-driven system and can achieve a flow of 180 m/s at 500 Pa. Thus, we designed the ejector for the MWT while referring to the specifications of the MARSWIT facility. This paper provides the design features of the MWT and its construction. The results of operation tests including the ejector-driven performance tests under low-density conditions are presented, as well as the calibration tests to investigate the flow quality in the test section. As a first step towards carbon dioxide (CO 2 ) mode operation, these tests were conducted in air. The effect of low densities on the driving performance of the ejector is discussed. Additionally, the effects of boundary layer development on lateral velocity distribution and axial static pressure distribution in the test section are evaluated.
Mars Wind Tunnel

Tunnel design
The main components of the MWT include a vacuum chamber, an induction-type wind tunnel, a buffer tank, a pipe connecting the chamber and the tank, and a butterfly valve as shown in Fig. 3 . The vacuum chamber is cylindrical: 5,000 mm in length and 1,800 mm in inner diameter. The induction wind tunnel is placed inside the vacuum chamber where the conditions of the Martian atmosphere are simulated. This arrangement enables us to reduce inner pressure and replace the test gas with CO 2 .
The induction wind tunnel can be divided into six sections as shown in Fig. 4 . The total length of the tunnel is 3,490 mm. The tunnel is made of aluminum alloy. One honeycomb and five screens are provided in the settling chamber to reduce the turbulence level in the flow. The contraction ratio of the nozzle is as high as 16-to-1 so that further reduction of longitudinal turbulence can be achieved. The test section is designed to install an airfoil model with a chord length of 50 mm. The cross-section of the test section is 100 mm by 150 mm. The influence of the wall interference (blockage effect) is kept to less than 1%. The test section is equipped with four solid walls. Both the upper and lower walls are inclined to compensate for the evolution of boundary layers along the test-section walls. The inclination angle was determined from the displacement thickness of the boundary layer on the walls, assuming that the boundary layers laminar. The thickness of the boundary layer at the test-section exit was estimated as 3.5 mm for the design conditions (air-mode, pressure of 1 kPa, temperature of 288 K, and Mach number of 0.45). In the current design, the upper and lower walls are inclined by 1.3°.
To achieve a high subsonic speed under low-pressure conditions, the induction wind tunnel is driven by a multiple-nozzle supersonic ejector located at the end of the first diffuser. The ejector consists of five pipes, each having six equally-spaced small orifices as illustrated in Fig. 5 . The shape of the orifice nozzle is shown in Fig. 6 . Ejection of high-pressure gas from these nozzles reduces adjacent pressure and induces the flow in the test section through a mixing process.
Pressure control system
The total pressure of the tunnel is controlled by the butterfly valve located in the pipe connecting the vacuum chamber and the buffer tank. The amount of gas exhausted to the buffer tank is adjusted to keep the pressure in the vacuum chamber constant. The total pressure of the tunnel is measured by a Kulite pressure sensor (CCQ-093) mounted at the settling chamber. The pressure sensor was calibrated against a Baratron sensor (627-12T, MKS) and a piezo transducer (Series902, MKS) for the pressure ranges of 0 to 13.3 kPa and 0.133 to 133 kPa, respectively. The analogue signal from the Kulite sensor was transmitted to a controller of the butterfly valve to form a feedback loop. A typical operational history of the MWT is shown in Fig.  7 . Before starting the tunnel, the vacuum chamber is evacuated to a pressure lower than the set point (the set-point pressure is 1 kPa in Fig. 7) , and the buffer tank is also evacuated to lower pressure in order to maximize flow duration. High-pressure gas is ejected to the vacuum chamber when the ejector valve is opened, and then the total pressure of the wind tunnel begins to increase. A proportional-integral-derivative (PID) control is used to regulate the butterfly valve when the total pressure reaches the set-point pressure. Then, the same amount of gas as injected into the chamber is exhausted to the buffer tank and the total pressure is kept constant for several seconds. After the butterfly valve is fully opened, the ejector is shut down.
The test time is defined as the time period during which the total pressure is kept constant, and can be decided from the total pressure of the tunnel and the Mach number of the test-section flow. The test time decreases as the total pressure of the tunnel decreases and the Mach number increases. It is over 60s at the pressures of 10 kPa and 60 kPa. On the other hand, the test time at low pressure depends on how to evacuate air inside the buffer tank to a pressure under 1 kPa. The test time is several seconds for the pressure of 1 kPa.
Measurement Method and Experimental Setup
Evaluation of ejector performance
To investigate the characteristics of the ejector under low- 
Here, T 01 and P 01 are the total temperature and pressure of the flow supplied to the ejector. T 02 is the total temperature of the flow at the test section, and is measured by a thermocouple installed in the settling chamber. P 02 is the pressure measured by a pitot tube at the center of the test section. The specific ratio  and the gas constant R for air are 1.4 and 287 [J/kg-K], respectively. Solving the equations of mass, energy and momentum conservation, the total temperature and total pressure at the mixing section outlet (T 03 and P 03 ) are expressed in the following equations: ) and P 3 is the wall pressure measured at the outlet of the mixing section.
Flow velocity and static pressure measurement
The Mach number at the test-section inlet is calculated using the following isentropic flow relation; 
The total pressure (P 02 ) is measured by a Kulite pressure sensor installed at the settling chamber. The static pressure at the test-section inlet (P in ) is obtained from the total pressure and the pressure difference between the upstream and downstream of the contraction section measured by a highly sensitive differential-pressure gauge (Baratron Type 698, MKS). The Mach number at the test-section center (M c ) is calculated from P 02 and the static pressure at the test-section center P 2 . P 2 differs from P in due to the effect of boundary-layer development on the test-section walls. The difference between P 2 and P in is determined from calibration tests and used to calculate M 2 . The velocity at the test section is calculated from M 2 and the sound velocity.
The sound velocity is calculated using the following equation. 
The static temperature at the test section (T 2 ) is calculated from the total temperature (T 0 ) measured by a thermocouple at the settling chamber and M 2 using the isentropic equation.
The velocity distribution in the test section spanning the top and bottom walls was measured using a pitot rake with 13 probes as shown in Fig. 8 . The pitot rake was installed in the test section in such a way that the probe tips coincide with the center of the test section. The local velocity is calculated from the pitot-tube measurement and wall pressure at the corresponding axial location.
The static pressure gradient in the test section was also measured to evaluate the effect of boundary-layer development on horizontal buoyancy. Eight static pressure taps were provided on the side wall of the test section as shown in Fig. 9 . Each pressure tap was connected to a stainless pipe with an inner diameter of 1.3 mm and a Teflon tube with a 1.59-mm inner diameter. Prior to the present tests, the response time of the tube was evaluated by changing the length and diameter. It was found that the time response is less than 120 msec for tubes shorter than 400 mm. In this experiment, a 200-mm long tube was adopted.
The working gas was air at room temperature. The calibration tests were conducted at total pressures of 60 kPa, 10 kPa and 1 kPa. The air pressure supplied to the ejectors ranged from 0.2 to 0.9 MPa. Figure 10 shows the ejector driving performance for the cases of P 02 60 kPa, 10 kPa and 1 kPa, expressed in the relation between mass flow ratio ( ̇ ̇ ) and compression ratio (P 03 /P 02 ). As the supply pressure from the ejector P 01 increases, the mass flow ratio decreases and the compression ratio increases. Compared to an increment of ̇ , an increment of ̇ , which is induced at the test section, is small. As the total pressure at the test-section center P 02 decreases from 60 to 1 kPa, ̇ decreases rapidly because the density is reduced. As a result, the mass flow ratio ̇ ̇ decreases. On the other hand, the compression ratio increases sharply when P 02 decreases. This means that the compression work from the test section to the outlet of the mixing section becomes large. As a result higher velocity flow can be achieved at the test-section center for lower pressure conditions. Figure 11 shows the velocity achieved in the test section expressed as a function of the gas pressure supplied to the ejector. It is seen that the flow velocity increases as the supply gas pressure increases and the total pressure decreases. The maximum velocity is about 231 m/s at the total pressure of 1 kPa. Figure 12 shows an operating envelope of the MWT expressed in terms of Reynolds number and Mach number. The Reynolds number is calculated based on a typical model chord length (50 mm). The achieved Reynolds number ranges from 2.6x10 3 to 1.1x10 5 . Furthermore, the maximum Mach number can reach the value of 0.74. Therefore, the MWT can simulate the low-speed conditions of a Mars airplane. In the high subsonic Mach number region, it is possible to conduct airfoil tests in the low Reynolds number region below 10 4 , corresponding to flight conditions for aircraft smaller than the ARES. Improvement of the ejector driving performance would be required to cover the high subsonic Mach number region at a high Reynolds number. By changing the supply pressure from the ejector and total pressure, the MWT can be used over a wide operating envelope. The upper limit of the envelope is determined by the maximum supply pressure and the control power of the butterfly valve. The maximum supply pressure is 1.0 MPa (gauge), which is set forth by the high-pressure gas safety law in Japan. The capability of the butterfly valve is also crucial because it is difficult to keep the pressure inside the vacuum chamber constant when a large amount of gas is supplied to the chamber in a short time. The lower limit of the envelope depends on minimum supply pressure. Currently, the minimum supply pressure is set at 0.1 MPa for all cases. There is still room to expand the envelope towards the lower-speed region. 
Results and Discussion
Ejector driving performance
Operational envelope of the MWT
Flow quality at the test section
The flow velocity distributions at the center of the test section are shown in Figs. 13 (a) to 13 (c) for the total pressures of 60 kPa, 10 kPa, and 1 kPa. There was a slight deflection of the horizontal aluminum support of the pitot tube due to gravity, but its effect is corrected in all plotted data. It is seen that the velocity is uniform and exhibits symmetry in all three total pressure conditions. The standard deviation of the flow across 75% of the test-section height is within 0.35%. The velocity deficit observed near the walls at the total pressure of 1 kPa is due to the boundary layers. This deficit is not pronounced at the total pressure of 10 kPa and 60 kPa because the boundary layer is thinner.
The static pressure distributions along the test section are presented in Fig. 14 . The pressure gradient increases as the supply pressure and total pressure increase. The static pressure gradient normalized by q is from 0.06 to 0.13 m -1 at the total pressure of 1 kPa, from 0.28 to 0.45 m -1 at 10 kPa and from 0.21 to 0.39 m -1 at 60kPa. As previously mentioned, the upper and lower wall inclination angles are 1.3°to compensate for boundary-layer development on the walls at the total pressure of 1 kPa. The results shown in Fig. 14 indicate that the static pressure gradient is the smallest at the design point. It can be said that the inclination of the test-section walls is an effective means to correct the effects of wall boundary layers even at a low Reynolds number.
To evaluate the effects of the static pressure gradients on the drag of a typical airfoil model, the buoyancy drag coefficient, C D , was calculated using the following equation:
where V is the model volume, S is the wing reference area, q is the dynamic pressure and dP/dx is the measured pressure gradient. Assuming the model is a NACA-0012 airfoil, the buoyancy drag coefficients are from -3 to -6 counts at 1 kPa, and from -9 to -19 counts at 10 kPa and 60 kPa (1 drag count = 10 -4 ). This means that, when a few drag counts are crucial for evaluating airfoil performance, we need to take into account the effects of static pressure gradients on the drag. 
Concluding Remarks
The design features and operational characteristics of the Mars Wind Tunnel at Tohoku University have been described in detail. The results of the ejector performance tests indicate that the ejector is an effective device to produce a high subsonic flow in the test section under low-pressure conditions. This allows us to evaluate the Mach number effect on airfoil characteristics in the low Reynolds number region. The Reynolds number can be varied from 10 3 to 10 5 based on airfoil chord length, while the Mach number can be raised up to 0.74. The velocity distributions in the test section were found to be uniform. The static pressure gradients along the test section were small but not negligible, enabling precise drag measurement. It was found that, even at a low Reynolds number, the effects of boundary-layer development can be corrected by inclining the upper and lower walls of the test section. The MWT has a flow quality and operational characteristics that are suitable for aerodynamic testing. This will allow us to study the performance of Mars airplane wings over a wide range of flight conditions.
